Хімічна інженерія: екологія та теХнології заХисту навколишнього середовища
introduction
The eastern region of Ukraine, as the most saturated with industrial enterprises of the chemical, metallurgical and construction industries, is a large industrial region of the country where ecologically dangerous areas of modern industrial production are densely concentrated. The volume of dust emissions to the atmosphere from such enterprises is growing every year due to the growth of sources, where dusty streams are formed, requiring cleaning.
The creation and development of new highly effective and more advanced types of environmental protection equipment is topical on the basis of theoretical justification and investigation of the phase separation process, in particular, the release of dust particles in systems with rotating flows. In particular, vortex devices with countertwisted flows need to be improved, as well as technological equipment with active hydrodynamics for another purpose.
the object of research and its technological audit
The object of research is construction of a vortex dust collector.
Typical constructions of vortex dust collectors with a cylindrical separation chamber are shown for example in Fig. 1 and 2 .
The first typical model [1] is a cylindrical separation chamber 1, in the upper part of which a secondary flow channel 4 (L 2 ) is provided, an outlet nozzle 3 for removing purified air (L 0 ). And in the lower part -the feed channel of the primary flow 5 (L 1 ), which is twisted into the swirler 6 and enters the separation chamber in the axial direction to meet the secondary flow. In the middle of the cylinder-conical dust collector 2 there is a swirler of the primary flow 6 from the washer 7 and axial piston pump 8, and the conical part of the bunker at the bottom is provided with a nozzle for removing the accumulated dust. Operation of the apparatus as a dust collector consists in the fact that a dusty flow in the form of an aerosol supplied from a dust generation source is fed to the separation chamber 1 by means of a traction fan 1. Simultaneously, through two channels -primary 5 (L 1 ) and secondary 4 (L 2 ), in which they are twisted in one direction they move towards each other. As a result of their interaction with the height of the separation chamber 1, the resultant swirling flow is formed. A rotating flow, from which, under the action of a complex system of forces, mainly centrifugal forces and drag forces, dust ISSN 2226-3780 particles separate from the air. The flow moves radially from the axis of rotation to the side surface of the separation chamber, and then reaches the wall. In this case, the dust captured by the near-wall fraction of the secondary flow is transported down to the level of the washer 7 and enters through the annular gap formed between the washer 7 and the separation chamber 1 into the dust collector 2. The downstream secondary flow (L 2 ) at the level of the washer 7 is rotated by 180° and, gradually merging with the rising flow, in the form of a resultant vortex (L 0 ) with remnants of fine particles, moves upward, where through the outlet nozzle 3 is vented to the atmosphere or, if necessary, is directed to an additional treatment.
The second type of vortex dust collector is shown in Fig. 2 The dust collector contains a gas duct of contaminated gas 1, a divider 2, swirler of the main gas flow 3 with a fairing 4, the body 5. The supply of an additional gas flow is performed by means of the device 6, and the clean gas outlet through the branch nozzle 7. In the conical part of the apparatus 8 dust is collected and discharged through the feeder 9. The structural feature of the vortex apparatus is that the two-phase flow, twisted by means of two swirlers, keeps rotation in the separation zone of the apparatus. In the central part of the apparatus in the mode of twisted in one direction flows, an effective dust separation is provided with a minimum hydraulic resistance of the used methods of the flow swirling.
The vortex dust collector is studied in the range 3 ⋅10 6 < Re < 7 ⋅10 6 , which corresponds to an average velocity in the apparatus of 8-15 m/s. Range of factors variation -concentration of products in gases, the inclination angle of the blades of the swirling main flow is selected according to the results of previous experiments and analysis of literature sources. During the experiments, the influence of the flux ratio in the radial direction is studied in two sections of the apparatus: immediately after the swirling and in the central part of the apparatus. The existence of critical regimes is established in which the efficiency of the separation process is low and is considered unacceptable and depends on the coefficient k = V 1 /(V 1 +V 2 ), which for this case is approximately equal to k = 0.5.
Due to the technological complexity of the process of collection of polydisperse dust, the mathematical modeling of the separation of dust particles in a system of counterswirled flows is not sufficiently considered. Also, the influence of the physical and chemical properties of the dust on the separation process is not thoroughly considered, and as a result, there is no reliable engineering model for the selection and calculation of vortex dust collectors with a cylindrical separation chamber. The issues of the directions of constructive improvement and the arrangement of a rational technological scheme of the collection process have not been fully considered.
the aim and objectives of research
The aim of research is development of an improved (new) construction of a vortex dust collector.
To achieve this aim, it is necessary: 1. To investigate the effect of the swirler construction and the location of its installation in the gas duct on the efficiency of the vortex apparatus.
2. To investigate the aerodynamic processes, which are determined the particular nature of the flow rotation and its flow in the gas duct after the swirler, as well as the swirler construction.
3. To establish the characteristic flow regimes of the gas-dust flow in the duct after the swirler.
research of existing solutions of the problem
An analysis of hydrodynamic studies of dust collection processes in typical constructions of dust collectors [1, 3] has shown that the main attention in the research of the process is given to determining the components of flow velocities in the separation chamber after the swirler, the influence on these parameters of the ratio of structural dimensions and the definition of hydraulic resistance. Undoubtedly, these research results are the basis for upgrading the main functional units of vortex devices with a cylindrical separation chamber and improving other performance parameters. In works [1, 3] , with the coefficient k = V 1 /(V 1 +V 2 ) = 0.8, which is considered the most rational for dust removal for various dust components (input dust concentration >5 g/nm 3 ): -burden of glass production d п = (18 ÷ 20) μm; -dolomite powder d п = (10 ÷ 16) μm; -ground chalk d п = (6 ÷ 12) μm; -quartz test dust d п = (6 ÷ 10) μm, dust collection efficiency is determined that within the particle size range from 6 to 10 μm does not exceed 90 %, and in the range from 12 to 20 μm is 91-92 %. When using cyclones as dust collectors for such conditions, the dust collection efficiency is 75-80 % [1] [2] [3] . Thus, known studies confirm the advantage of the use of vortex devices for the process of «dry» cleaning of the ISSN 2226-3780 dust-gas flow from dust before other types of apparatus for dry cleaning of the gas-dust flow. However, typical constructions of vortex dust collectors do not allow for dedusting gases with an efficiency of up to 99 % for dust particles smaller than 20 μm, in practice it is necessary to install additional wet cleaners after the dust catcher.
Analysis of the results of the studies given in [1, 3] shows that the distribution of the components of the flow velocity in the separation chamber depends on the swirling angle of the flow in the swirler. The swirling angle of the flow, in turn, depends not only on the angle of the blades, but mainly on the hydrodynamics and the nature of the rotation of the flow in the swirler itself and the zone close to it. In these zones, according to the theoretical foundations and practice [4] , in almost all cases, the non-uniform distribution of velocities in a viscous gas is observed in flows of rotating, especially at high velocities at the entrance to the swirler. The non-uniform distribution of velocities along the radius leads to intensive dissipation of mechanical energy in the internal heat removal and to an uneven distribution of the inhibition temperature. The attainment of the latter conditions, depending on the physicochemical properties of the dust particles, can promote simultaneous coagulation of fine dust particles with the formation of larger dust agglomerates, precipitate quite rapidly. The latter is more or less observed when processing a gas flow that retained up to 10 g/nm 3 of fine-dispersed coal dust (< 5 μm) [5] [6] [7] [8] [9] [10] [11] . The use of the features of the hydrodynamic regime of the gas-dust flow rotation in the swirled zone and immediately after it, in order to solve the problem of increasing the efficiency of the dust removal in the vortex apparatus, revealing the features of the mechanism and the destructive forces of the process is a promising task.
methods of research
Let's consider the process of dry cleaning of the dustgas flow in a vortex dust collector with a concentrated vane gas inlet for various constructions of vane swirlers.
Diagram of investigated vortex dust collector with a vane swirler is shown in Fig. 3 .
Ducted gas flows into gas duct 1 and is swirled by blade vortex 2. Fairing 3 slightly pushes the flow to the wall of the apparatus and favors the smooth flow of the bladed vortex by the gas flow.
Under the action of centrifugal force, dust particles in a swirled gas flow move to the walls of the body 4. Simultaneously, the same dust, or the gas purified after the apparatus, is fed into the dispensing chamber 5 and, using a swirler 6 (made in the form of six nozzles with a slope of 45°), enters the working cavity of the apparatus.
The additional gas flow from the swirler 6 twists the main stream in the same direction as the swirler 2 and simultaneously blows dust particles from the walls into the bunker 7. The additional gas flow during the spiral flow around the main stream gradually penetrates into it. The annular space around the inlet duct can be equipped with a dust separating washer 9, which is designed to ensure the irreversible release of dust into the discharge device (conveyor). From the bunker, dust enters the capacity of the finished product, and the purified gas through the exhaust duct 10 into the atmosphere. The diagram of the stand for determining the aerodynamic characteristics is shown in Fig. 4 . The diagram of the stand for determination of the overall efficiency of dust collection is shown in Fig. 5 .
When constructing the model in Fig. 3 , sizes of the vortex dust collector are chosen on the basis of the most rational parameters known from practice:
The inclination angle of the vortex blades is b = 30-60°, the inclination angle of the secondary flow nozzles is α = 30 ÷ 45°. The swirler is made of sheet brass 0.5 ⋅10 -3 m thickness, the number of blades is 8. The second type of swirler (Fig. 6 , b is the projection from above) provided for the organization of coaxial turbulent flows swirling in opposite directions due to the blades. The ratio of the cross sections of the external swirler A and internal B is approximately A/B = 1. In the gas duct 1 Fig. 3 the swirler is installed both at the end of the gas duct at the level of the washer 9 and below the end at distances that are selected on the basis of investigations of the relative velocities along the length of the cylindrical part of the gas duct at the level of the end. Fig. 7 shows the diagram of measurements of the vortex gas flow parameters in the gas duct 1. The parameters of the vortex flow are measured with the aid of three sensors: a two-tube sensor with a tube slope angle of 70° to measure a two-dimensional velocity field; most of the measurements are carried out using a cylindrical sensor, which is the simplest during calibration and operation. The diameter of the working part of the sensor is 3⋅10 −3 m. A five-channel sensor with a ball diameter of 5⋅10 −3 m is used to measure the three-dimensional velocity field. The calibration of all sensors is carried out in accordance with the procedures given in [6] . As is known [1, 4] , the swirled gas flow after the swirler is a complex three-dimensional one. The velocity vector of a flow is decomposed in a cylin drical coordinate system into three components: a base, tangential (rotational) and radial. The presence of a rotational component just leads to the appearance in the flow of centrifugal forces and the formation of a radial gradient of static pressure. To perform construction calculations, it is necessary to know the angular velocity of the flow in an arbitrary section of the separation chamber at a certain height in the inner layer. The equation of the angular momentum of the gas is determined by the dependence [1, 4] :
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It is chosen
After integration and the corresponding transformations, the extracted equation for determining the angular velocity of flow rotation in the separation chamber:
where L where K -the empirical coefficient (for K = 0, the radial velocity is distributed as described in the theory [1] [2] [3] [4] , for K ≥ 0 the radial velocity grows down the chambers, and at K ≤ 0 the radial velocity decreases to the bottom of the chamber); r 0 -radius of separation chamber, separation of flows; V z , V j , V r -axial, tangential, radial flow velocity, m/s.
In this case, it should be noted that in the formula for determining M IN , the velocity V j corresponds to the tangential component that swirled flow, which is observed immediately behind the swirler and in the section close to it. Thus, other things being equal, the value of w(Z) depends on the component V j , which in turn uniquely depends on the hydrodynamic conditions in the swirler zone and immediately after it. The latter further justifies the relevance and purpose of the study. When conduc ting a study during cold purges with clean air of the gas duct (which is a duct made of plexiglas from the straight section from the end to the bend and equal to 0.6 m), the measurement is carried out after the swirler in three sections:
where h i -the distance from the swirler to the end of the gas duct. In studies of a two-phase flow in the dust collector model (Fig. 3) , the following assumptions are made:
-the dust particles are solid, they can interact with each other due to the intensive collision and the developed specific surface of the particles only in the swirler zone, where the maximum values V j and V r are observed and quasi-solidity of rotation of the dust-gas flow is observed; -after the region (zone) of the swirler, the particles do not interact with each other; -a particle that touched the wall of the separation chamber case, is considered to be caught; -at the entrance to the dust collector the stream of the gas-gas flow has a uniform velocity field; -distribution of dust particles along the section of the inlet duct of the dust collector is uniform; -the resistance to movement of particles in a gaseous medium is described by the Stokes law; -the tangential component of the velocity of particles coincides with the tangential and axial components of the velocity of the gas flow rotation, radial velocities due to the action of inertia forces are different. Two dimensionless parameters are distinguished: -the degree of initial flow swirling:
where V j0 -the tangential velocity at the outlet from the swirler (V j0 ≥ 0), while in the core of the flow leaving the swirler (B, Fig. 6 , b) ω = V j0 , and at the exit from the swirler (A, Fig. 6, a) (Fig. 6) , it should be noted that in the V IN study the velocity V j (r) max stratifies for different inclination angles of the blades and reaches a maximum when V IN is the largest. Fig. 8, b shows the distribution of V j (r), V z (r), Р st (r) for various gas flow rates while storing the entry velocity into the swirler. From Fig. 8 An analysis of the distribution curves is given in Fig. 8, 9 , it can be argued that, after the swirler in the duct, almost to II, the intersection of the rotation of the flow passes as a quasi-solid. That is, the law Vj = Cr is satisfied, and only a very thin boundary layer develops near the wall of the gas duct. Areas of inverse flows are also observed, and they are annular in the cross section close to the swirler. Further along the flow, the distribution V j (r) becomes different, the zone of quasi-solid rotation is reduced, the absolute value of V j (r) decreases due to friction of the gas flow into the walls and internal friction between the gas layers, the boundary layer grows. The character of the distribution of the axial velocity V z (r) also varies somewhat. The axial flow in the sections after the swirler is pressed against the wall, and the bulk of the gas flows by 1/3 of the radius. Further the flow expands, occupying already 2/3 of the radius. The static pressure distribution Р st (r) in intersection II differs significantly from the distribution Р st (r) in intersection III. At the same time, intersection II shows a fairly large zone of constant pressure reduction, which occupies almost half the diameter. Further in section III, this zone narrows and occupies 1/5 of the diameter. Such narrowing, as well as a small longitudinal gradient along the negative pressure at the center, is probably the cause of the appearance of backward currents. The transition Р st (r) through the zero line always corresponds to the point where V j has the maximum value. Fig. 10 shows the distribution of V j (r), V z (r), V r (r), Р st (r) in two sections for extending the gas duct after the swirler, as measured by the ball sensor. In Fig. 11 as an example, the results of measurements of the averaged axial and tangential components of the velocity and the pulsating component are given, using a swirler (Fig. 6, b) with the installation of vortex blades along the inner and outer contours, respectively, at angles b 1 = 45° and b 2 = 45°. The average swirling angles of the flows at the entrance to the working part are at the same time by 10-15 % more. To compare the efficiency of the considered swirlers (Fig. 6, a, b) from the point of view of generating the maximum value of the turbulence energy K m , which is determined by:
where α = F 1 /F 2 , F 1 -the total plane of the holes between the blades. Analyzing formula (3), it is possible to state that at b = 45° (α < 0.5) and the same losses, the maximum value of the turbulence energy is higher when using a swirler (Fig. 6, b) .
research results
The presented experimental data on hydrodynamics with the use of two types of swirlers (Fig. 6, a, b) suggest that in the zone of maximum velocities V j and V r , after the swirlers, the agglomeration of dust particles may occur due to an intensive collision. In addition, in order to obtain the maximum value of the angular velocity of the gas flow rotation in the separation chamber of the vortex dust collector (2) , it is necessary to use the swirlers with b = 45° and install it at a distance Z/D s = 1.6 below the duct end (or washer 9, Fig. 3 ) Z ≈ 0.08 m. This zone of quasi-solid flow rotation, that is, the zone where the maximum value of V j (r), V r (r) and the maximum velocity coefficient K = Vj max /V BX are reached. It is at these parameters on the model (Fig. 3 ) using the stand (Fig. 5 ) that the overall efficiency of dust collection is determined using the above substances as dust. The dosage of these substances in the air flow is approximately constant and equaled the concentration of dust particles in the flow at the level of 7 ÷ 8 g/nm 3 . Table 1 shows the averaged results of studies on the efficiency of dust collection by a vortex apparatus, modernized in accordance with the recommendations given above. (Fig. 6, a, b) No.
Gas-dust flow rates at the inlet, kg/s 10 -3
Dust type and inlet concentration, g/nm 3 Characteristics of dust at the inlet Indicators at the outlet from the apparatus ISSN 2226-3780
As can be seen from the data given in Table 1 , the results are predicted concerning the increase in the efficiency of the vortex dust collector due to the agglomeration of dust particles. The attainment of the maximum values of the velocity components V j (r), V r (r) at the outlet from the swirler is confirmed by the operation of the modernized vortex apparatus.
sWot analysis of research results
Strengths. The creation and development of new highly efficient and improved types of gas cleaning equipment is promising, based on the theoretical justification and investigation of the phase separation process, the separation of dust particles in systems with rotating flows. The analysis of the obtained results of the swirler construction of the incoming flow on the hydrodynamics and the efficiency of the apparatus and the process of dust collection testify to the advisability of using vortex devices as highly efficient dust collectors for dry gas purification. It is shown that in the implementation of the exhaust gas purification process for a conventional blade vane fan with one-side swirling, the most effective blade angle is 45°. The swirler should be installed in the duct from the end outlet to the separation chamber below by 1.4 ÷ 1.6 of the swirler diameter.
Weaknesses. In this work, hydrodynamics and the efficiency of the vortex apparatus and the dust collection process are investigated. Due to the technological complexity of the process of polydisperse dust collection, the mathematical modeling of the separation of dust particles in a system of counter-swirled flows is not sufficiently considered. Also, the influence of the physical and chemical properties of the dust on the separation process is not thoroughly considered, and as a result, there is no reliable engineering model for selection and calculation of vortex dust collectors with a cylindrical separation chamber. The issues of the directions of constructive improvement and the arrangement of a rational technological scheme of the collection process have not been fully considered. The dust collector contains a gas pipeline of contaminated gas and, as a result of operation, significant volumes of fine dust are formed, which must be disposed of using additional equipment.
Opportunities. The introduction of vortex devices as a cleaning equipment in industrial enterprises will reduce the industrial negative impact on the environment, namely, the atmosphere. An important issue is the reduction of the threat of global consequences through the introduction of engineering solutions for the purification of fine aerosol emissions.
Threats. The proposed basic construction of the vortex dust collector, which allows to increase the efficiency of cleaning with a vortex device to 98-99 %, will contain the capital costs for development, mathematical analysis and materials for the apparatus, but the capital costs for the enterprise will be one-time.
conclusions
1. The influence of the swirler construction and the location of its installation in the flue gas flow duct on the efficiency of the vortex apparatus for vortex dust collectors with a cylindrical separation chamber is studied. It is shown that the aerodynamic processes that determine the nature of the flow rotation and its flow in the duct after the swirler achieve the maximum possible angular velocity of rotation of the gas flow in the separation chamber for this construction. This velocity is uniquely related to the maximum possible values of the velocity components V j (r), V r (r), which are reached in the swirler zone.
2. It is found that the blade vortex, which provides for the organization of coaxial turbulent flows in the duct, twisted in opposite directions, will allow more efficient agglomeration of dust particles. Based on the results of the research, a basic construction of the vortex dust collector is developed, which makes it possible to increase the cleaning efficiency with a vortex device to 98-99 %.
3. Characteristic flow regimes of the gas-dust flow in the duct are established immediately after the swirler, depending on its construction. It is shown that for a traditional vane swirler with one-side swirling, the most effective blade inclination angle corresponds to 45°, and its installation in the duct is necessary from the end outlet to the separation chamber lower by 1.4 ÷ 1.6 of the swirler diameter. Under these conditions, before the exit of the gas-dust flow into the separator, agglomeration of the dust particles takes place and at the exit of the gas-dust flow from the end of the duct into the separation space, which should maximize the possible components V j (r) and V r (r), which ensure the maximum value of the angular velocity of the flow in the separator. 
